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ABSTRACT

This paper focuses on the structure of the phytoplankton and macrobenthic invertebrates
communities in a productive solar saltworks, as well as the major abiotic determinants of the
observed biotic patterns. The observed patterns in the structure of the biotic communities
attest that the ecosystem of the low salinity ponds of Kalloni Saltworks is similar to a
productive coastal lagoon. Major abiotic determinants include the salinity and confinement
gradients, as well as inorganic nutrients loads. The episodic enrichment of the water column
in the ponds with either new nutrients from the incoming seawater, or regenerated nutrients
released from the sediment, was shown to stimulate the growth to bloom levels of
phytoplankton species indicative of organic enrichment and coastal eutrophication. Algal
biomass and the accumulated detritus and organic matter on and within the sediment are
exploited by opportunistic herbivores and deposit feeders tolerant to organic enrichment.
Management measures are needed for the mitigation of the productiveness of the low salinity
ponds, e.g. lower water residence times, a shallower water column, facilitation of the
oxygenation of the sediment, sediment removal in winter and culture and harvesting of the
naturally occuring, edible Cerastoderma glaucum bivalves.

KEYWORDS salinas, salinity, confinement, eutrophication, inorganic nutrients, community
structure

INTRODUCTION

Solar saltworks (salinas, salterns, saltfields) are man-made systems of interconnected ponds
for the extraction of salt from seawater, by means of solar and wind evaporation (Korovessis
and Lekkas, 2000). At the same time, they are coastal aquatic ecosystems that manifest
considerable environmental heterogeneity (Davis, 2000), as they consist of a range of habitat
types that develop along a steep salinity gradient (seawater salinity — 300 psu). Solar
saltworks are usually regarded as coastal wetlands (Costa et al., 1996), or closely related to
salt marshes, as the latter often incorporate natural "salt pans" and "salt ponds" (Pennings
and Bertness, 2001).

The variability of the physical and chemical regimes in the abiotic environment of a solar
saltworks is reflected on the variability of the biota that are adapted to and colonize each
habitat type in the solar saltworks system (Davis, 2000). Where salinity is not very high (i.e. in
the initial ponds), biodiversity is significant (Evagelopoulos and Koutsoubas, 2008), but in the
extreme, hyperhaline conditions of the high salinity ponds and the crystallizers, the
environment is too harsh and biodiversity is consequently limited, many taxonomic groups are
absent and halophilic and halotolerant taxa persist and thrive (Rodriguez-Valera, 1988).

The biota of solar saltworks ecosystems have attracted the attention of both the scientific
community and the general public, particularly the avifauna (e.g. Britton and Johnson, 1987;
Sadoul et al., 1998; Walmsley, 2000). Furthermore, the red halophilic bacteria (e.g.
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Halobacterium, Halococcus) and halotolerant microalgae (e.g. Dunaliella), as well as the
"brine shrimp" Artemia, all typically inhabiting the high salinity ponds or the crystallizers, have
been the subjects of considerable scientific research and applications in such fields as
aquaculture and biotechnology (e.g. Persoone et al., 1980; Avron and Ben Amotz, 1992;
Borowitzka and Borowitzka, 1998; Oren, 2002; Dolapsakis et al., 2005).

There are a number of studies that have dealt with the phytoplankton communities of solar
saltworks, usually examining a limited number of ponds along the complete salinity range
(e.g. Pedros-Alio et al., 2000; Ayadi et al., 2004; Segal et al., 2006). However, the structural
changes that occur in the phytoplankton community across the ecotone that exists between
the initial pond of a saltworks and the adjacent nearshore marine environment are largely
unexplored. The phytoplankton flora of greek solar saltworks in particular is poorly known, as
few published studies exist (e.g. Dolapsakis et al., 2005; Evagelopoulos et al., 2007,
Evagelopoulos, 2008).

Although the macrofauna community is among the less explored biotic components of solar
saltworks, it is actually very important as macrobenthic invertebrates (1) constitute a
fundamental food resource for the waterfowl (Britton and Johnson, 1987), (2) interact with
other organisms through trophic relationships (Dauer, 1993) and (3) have a considerable
impact on ecosystem functioning by mediating in processes like sediment bioturbation
(Jumars and Nowell, 1984) and removal of particles from the water by suspension feeding
(Dame, 1993). Studies that consider the macrofauna communities of solar saltworks are very
few (e.g. Vieira and Galhano, 1985; Britton and Johnson, 1987; Vieira and Amat, 1997;
Paviova et al., 1998). Studies examining the macrobenthic invertebrates of greek solar
saltworks in particular have only recently been published (Evagelopoulos and Koutsoubas,
2008; Evagelopoulos et al., 2008; Evagelopoulos, 2008).

This paper aims to provide new information, as well as to review existing information, on the
variability of the composition and structure of phytoplankton and macrobenthic invertebrates
communities, as well as the major abiotic determinants of the observed biotic patterns, in a
productive solar saltworks. Variability is examined (a) along the salinity/confinement gradient
at successive low salinity ponds and (b) across the ecotone that takes place between the
initial pond of a saltworks and the adjacent nearshore marine environment.

MATERIALS AND METHODS

The study area (Figure 1) is the low salinity ponds of Kalloni Saltworks (Lesvos Island, N.E.
Aegean Sea, Greece). Kalloni Saltworks is located at the northeastern coast of Kalloni Gulf,
which is a productive, semi-enclosed gulf (Panayotidis and Klaudatos, 1997). The application
of fertilizers in its catchment area takes place mainly in winter, thus coinciding with the period
of high precipitation. The catchment area is drained through a number of intermittent rivers,
located mainly at the northern part of the gulf, hence in the proximity of Kalloni Saltworks.
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Figure 1. Map of the study area, indicating the sampling stations
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Marine macrobenthic invertebrates are expected to disappear in salinities higher than 70 psu
(Britton and Johnson, 1987), and therefore, this paper focuses on the low salinity part of
Kalloni Saltworks. Sampling was carried out at five stations at five low salinity ponds, as well
as one additional station at the adjacent nearshore marine environment of Kalloni Gulf, in
November 2004 (Figure 1). The salinity gradient in the study area ranged from seawater
salinity to 55 psu at the last pond. Water column samples (four replicates) for the
phytoplankton analyses as well as sediment samples (five replicates) for the analyses of the
macrobenthic invertebrates were collected. The sediment samples (0.03 m?) were collected
by means of a box-corer type sampler and were subsequently sieved through a 0.5 mm mesh
size net (Dybern et al., 1976). The samples were fixed with 4% formaldehyde and stained
with Rose Bengal (Eleutheriou and Moore, 2005). The invertebrates were sorted out in the
laboratory, identified and counted. Phytoplankton species were identified and counted in
samples fixed with Lugol solution (Edler, 1979), according to the Uterméhl method (Utermdhl,
1958). In this paper, the taxa defined as abundant at a sampling station were the taxa that
constituted collectively at least 75% of the total numerical abundance at the station.

RESULTS

The structure of both phytoplankton and macrofauna communities was differentiated across
the nearshore marine environment — pond environment ecotone and was also variable along
the salinity gradient in the ponds.

Phytoplankton in the study area were identified into a total of 48 taxa, belonging to 7 classes,
i.e. Bacillariophyceae, Dinophyceae, Euglenophyceae, Cryptophyceae, Cyanophyceae,
Haptophyceae, Dictyochophyceae and a group of unidentified nanophytoplaktonic species.
Most of the taxa belonged to Bacillariophyceae and Dinophyceae. The photoautotrophic
ciliate Mesodinium rubrum was also recorded in the study area.

Table 1. List of the abundant phytoplanktonic taxa (also including the photoautotrophic ciliate
Mesodinium rubrum) in the study area, indicating the taxonomic group they belong to, their
numerical abundance (cells ml'1) and the corresponding percentage of the total numerical

abundance at each station

STATION ABUNDANT TAXA  GROUP N. ABUND. N.ABUND. %
A1 Thalassionema spp.  Bacillariophyceae 12.33 4543
nanophytoplankton
spp. 5.86 21.58
Cylindrotheca Bacillariophyceae
closterium 1.43 5.27
Prorocentrum Dinophyceae
sigmoides 1.28 4.71
B1 Euglena acusformis  Euglenophyceae 1968.18 94.33
C1 Euglena acusformis  Euglenophyceae 439.60 58.19
Oxyrrhis marina Dinophyceae 105.03 13.90
Gymnodinium Dinophyceae
sanguineum 80.47 10.65
D1 Mesodinium rubrum  Ciliophora 405.88 76.34
Cylindrotheca Bacillariophyceae
E1 closterium 407.27 65.20
thecate dinophyceae Dinophyceae
spp. 146.05 23.38
F1 Cryptophyceae sp. 1 Cryptophyceae 52.07 24.96
nanophytoplankton
spp. 42.21 20.23
Cylindrotheca Bacillariophyceae
closterium 36.35 17.43
Cryptophyceae sp. 2  Cryptophyceae 28.38 13.61
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The distribution of the phytoplankton classes in the study area and the abundant taxa
recorded at each station are presented in Figure 2a and Table 1 respectively. Haptophyceae
and Dictyochophyceae were recorded only at the A1 station. On the other hand,
Euglenophyceae (Euglena acusformis), the dinophyceans Oxyrrhis marina and Gymnodinium
sanguineum, as well as Mesodinium rubrum, were all recorded at the ponds stations only.
More phytoplankton taxa were recorded at the A1 station (33) than at any station in the
saltworks ponds (7 - 14) (Figure 2b).

Autoecological traits of common phytoplankton taxa in the study area are presented in Table
2. Species typical of both coastal waters and brackish waters were recorded at the A1 station,
whereas the abundant species in the ponds are species that commonly occur in brackish
waters or organically enriched lagoons. Benthic pennate diatoms were not abundant at any
station.

The variation of phytoplankton total numerical abundance in the study area is presented in
Figure 2a. Maximum total numerical abundance was recorded at the B1 station, due to a
Euglena acusformis bloom (2087 cells mI™"), whereas minimum total numerical abundance (26
cells ml'1) was recorded at the A1 station. Mesodinium rubrum was dominant at the D1
station, where its numerical abundance reached bloom levels (406 cells ml™).

Macrobenthic invertebrates in the study area were identified into a total of 54 taxa. Most of the
taxa identified belonged to Mollusca, followed by Polychaeta and Crustacea. Insecta and
Nemertea were represented by a single species each.

The distribution of macrofauna classes in the study area and the abundant taxa recorded at
each station are presented in Figure 2c¢ and Table 3 respectively. Mollusca, Polychaeta and
Crustacea were found at all stations. Insecta were represented by the larvae of a single
Chironomidae species at the C1, D1 and E1 stations, whereas the nemertean species was
found at the A1 station only. Species richness of macrobenthic invertebrates gradually
declined along the salinity gradient, from a maximum of 38 species at the A1 station to a
minimum of 4 species at the F1 station (Figure 2d).
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Figure 2. Spatial variations in the study area of (a) phytoplankton mean total numerical
abundance (indicating the contribution of each taxonomic group), (b) phytoplankton species
richness, (c) macrobenthic invertebrates mean total numerical abundance (indicating the

contribution of each taxonomic group), (d) macrobenthic invertebrates species richness
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Table 2. Autoecological traits of common phytoplanktonic taxa (also including the
photoautotrophic ciliate Mesodinium rubrum) in the study area

ABUNDANT AT
TAXA STATIONS DOMAIN HABITAT
Bacillariophyceae
Thalassionema spp. A1 PL -
Cylindrotheca closterium A1, E1, F1 PL/BE Cw/BW
Euglenophyceae
Euglena acusformis B1, C1 PL CW/OM
Dinophyceae
Gymnodinium sanguineum C1 PL Cw/BW
Oxyrrhis marina C1 PL Cw/BW
Prorocentrum sigmoides A1 PL CW/BW
Cryptophyceae
Cryptophyceae sp. 1 F1 PL -
Cryptophyceae sp. 2 F1 PL -
Spirulina sp. BE -
Ciliophora
Mesodinium rubrum D1 PL Cw/BW

DOMAIN: planktonic (PL); benthic (BE)
HABITAT: coastal waters (CW); brackish waters (BW); enriched in organic mater (OM)

Table 3. List of the abundant macrobenthic invertebrate taxa in the study area, indicating the
taxonomic group they belong to, their numerical abundance (ind. grab sample'1) and the
corresponding percentage of the total numerical abundance at each station

STATION ABUNDANT TAXA  GROUP N. ABUND. N. ABUND. %
A1 Bittium reticulatum Gastropoda 46.8 32.91
Malacoceros
fuliginosus Polychaeta 36.8 25.88
Rissoa ventricosa Gastropoda 8.6 6.05
Tellina donacina Bivalvia 8.6 6.05
Capitella capitata Polychaeta 4.6 3.23
Rissoa guerinii Gastropoda 4.0 2.81
B1 Hydrobia acuta Gastropoda 156.6 40.43
Microdeutopus
gryllotalpa Crustacea 57.8 14.92
Capitella capitata Polychaeta 55.6 14.36
Malacoceros
fuliginosus Polychaeta 44.8 11.55
C1 Hydrobia acuta Gastropoda 367.2 86.81
D1 Hydrobia acuta Gastropoda 1047.6 95.79
E1 Hydrobia acuta Gastropoda 150.0 54.78
Capitella capitata Polychaeta 89.8 32.80

F1 Hydrobia acuta Gastropoda 38.2 81.28
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Autoecological traits of common macrofauna taxa in the study area are presented in Table 4.
Marine species were abundant at the A1 station, whereas the species that were abundant at
the ponds stations are typical lagoonal. Species that are usually abundant in organically
enriched sediments in marine, estuarine or lagoonal habitats were abundant at the ponds
stations B1 and E1, as well as at the A1 station. Moreover, species that are associated to
macrophytic vegetation were also abundant in the study area and Pirenella conica, a
gastropod that prefers cyanophycean mats as its food source, was common in the last ponds.
The abundant macrofauna species in the study area are epifaunal herbivores/detritivores or
infaunal deposit or suspension feeders, while many of the abundant species at the ponds
stations are regarded as species tolerant to disturbance or opportunistic species.

The variation of macrofauna total numerical abundance in the study area is presented in
Figure 2c. Total numerical abundance gradually increased along the salinity gradient, starting
from relatively low values at the A1 station (142 ind. sample™’) and reaching its maximum
value (1094 ind. sample™) at the D1 station, mainly due to the high abundance of the
gastropod Hydrobia acuta. However, after the D1 station, total numerical abundance
gradually declined to its minimum at the F1 station (47 ind. sample™). Total numerical
abundance was dominated by mollusca at all stations (Figure 2c). The most abundant
molluscan taxa were the gastropods Hydrobia acuta at all the ponds stations and Bittium
reticulatum at the A1 station. The most abundant species of polychaetes were Malacoceros
fuliginosus and Capitella capitata. The amphipod Microdeutopus gryllotalpa was the only
abundant crustacean species.

Table 4. Autoecological traits of common macroinvertebrate taxa in the study area

ABUNDANT
AT FEEDING

TAXA STATIONS HABITAT SUBSTRATE  POSITION METHOD BENTIX
Mollusca: Gastropoda
Bittium reticulatum A1 MAR SOFT/VEG EPI HER 1
Cyclope neritea MAR/LAG SOFT EPI CAR/DF 1

B1, C1, D1,
Hydrobia acuta E1, F1 LAG SOFT/VEG EPI HER/DF 1
Pirenella conica LAG SOFT/ALGMAT EPI HER -
Mollusca: Bivalvia
Abra segmentum LAG SOFT INF DF 2
Cerastoderma
glaucum LAG SOFT/VEG EPI/INF SF 2
Tellina donacina A1 MAR SOFT INF DF/SF 1
Polychaeta
Capitella capitata A1,B1,E1 MAR/EST/LAG SOFT/OM INF DF 2
Hediste diversicolor MAR/EST/LAG SOFT/OM EPI/INF  CAR/HER/DF/SF 2
Malacoceros A1, B1
fuliginosus MAR/EST/LAG SOFT/OM INF DF/SF 2
Perinereis cultrifera MAR/EST/LAG SOFT/VEG EPI/INF CAR 1
Crustacea
Microdeutopus B1
gryllotalpa MAR/LAG SOFT/VEG EPI HER 2

HABITAT: marine (MAR); estuarine (EST); lagoonal (LAG); SUBSTRATE: soft substrate (SOFT); sediment
enriched in organic matter (OM); macrophytic vegetation (VEG); microalgal mats (ALGMAT); POSITION:
epifaunal (EPI); infaunal (INF); FEEDING METHOD: herbivore/detritivore (HER); suspension feeding (SF); sub-

surface deposit feeder (SSDF); surface deposit feeder (SDF); carnivore/scavenger (CAR)

BENTIX: species sensitive or indifferent to disturbance (1); species tolerant to disturbance or first-order or second-
order opportunistic species (2)
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DISCUSSION

In situ observations attest that the abiotic environment of the low salinity ponds of Kalloni
Saltworks is similar to that of productive coastal lagoons, although there are important
differences in hydrology: Seawater, which in winter may be rich in inorganic nutrients, enters
the ponds, but its input is not tidal but controlled by pumping. Unlike coastal lagoons, it is
insulated from direct inputs of terrestrial runoff by a dike and winter precipitation is the only
freshwater input. Water in the ponds is hyperhaline and a steep salinity gradient is maintained
for the production of salt. The water column is shallow, even shallower than in most coastal
lagoons and salinity is temporarily variable due to the effect of winter precipitation, while
temperature is also temporally very variable. Bottom sediment is muddy and rich in organic
matter, like in many productive coastal lagoons (Little, 2000). Finally, blooms of opportunistic,
drifting algae (e.g. Enteromorpha), which are indicators of high inorganic nutrient loads
(McLusky and Elliott, 2004; Davis, 2006), repeatedly occur in early summer (pers. observ.).

The results of this study, as well as existing information considering the phytoplankton and
macrofauna communities of Kalloni Saltworks (Evagelopoulos et al.,, 2007; Evagelopoulos
and Koutsoubas, 2008; Evagelopoulos et al., 2008), further confirm the lagoonal nature of the
pond environment in the study area: To begin with, the variability patterns of taxonomic
composition and numerical abundance in both phytoplankton and macrofauna, were typical of
coastal lagoons. Brackish waters species, including typical lagoonal, were abundant in the
ponds, whereas typical marine species either did not occur in the ponds, or their distribution
extended no further than the initial ponds. The major abiotic determinants of the observed
distribution patterns include the salinity and confinement gradients (Evagelopoulos and
Koutsoubas, 2008; Evagelopoulos et al., 2008), as well as the changes in water ionic
composition and temperature extreme temporal variations (Britton and Johnson, 1987).

Species richness of both phytoplankton and macrofauna was much lower in the ponds than in
the adjacent nearshore marine environment. This is most probably due to the stress that the
spatial and temporal variability of the lagoonal environment of the ponds poses for the biota,
allowing only the adapted brackish waters and lagoonal species to dominate (Barnes, 1994).
On the other hand, numerical abundance of both phytoplankton and macrofauna was much
higher in the ponds than in the adjacent nearshore marine environment. This reflects a high
productivity of the ponds ecosystem, which should be attributed mainly to the inorganic
nutrients loads of the intake weawater. The birds of the saltworks may be another source of
still undetermined importance of inorganic nutrients to the ponds where they feed. It is well
known that the lagoonal environment is typically characterised by high primary productivity
and a profusion of plant and detrital material, which is not always effectively decomposed and
accumulates in the sediment (Little, 2000). The episodic enrichment of the water column in
the ponds with inorganic nutrients, which are either new nutrients from the incoming seawater
or regenerated nutrients released from the sediment, stimulate the growth to bloom levels of
r-selected species indicative of organic enrichment (e.g. Euglena acusformis; Reynolds,
2006) and coastal eutrophication (e.g. Mesodinium rubrum; Williams, 1996). Likewise, the
accumulated detritus and organic matter on and within the sediment is exploited by
opportunistic deposit feeders (e.g. Capitella capitata, Malacoceros fuliginosus, Microdeutopus
gryllotalpa, Chironomidae) tolerant to organic enrichment (Barnes, 1994).

Nevertheless, productive low salinity ponds are not favorable for a solar saltworks (Davis,
1978; 1990; 2000; 2006): The trophic status and ecosystem function of the low salinity ponds
affect the abiotic environment and the biota of the higher salinity ponds, as well as the
production of salt. Therefore, management measures are needed for the mitigation of the
productiveness of the low salinity ponds (Davis, 1978; 1990; 2000; 2006), e.g. lower water
residence times, shallower water column, facilitation of the oxygenation of the sediment or
sediment removal in winter. Culture and harvesting of the naturally occuring, edible
Cerastoderma glaucum bivalves may also help to remove organic matter from the low salinity
ponds.
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CONCLUSIONS

The confirmed lagoonal characteristics of the low salinity ponds of a solar saltworks are of
interest to both ecological research of brackish waters ecosystems (Evagelopoulos et al.,
2008) and solar saltworks management: The salt pans of solar saltworks can be considered
as microcosms that, by allowing direct observations of the activities of their inhabitants, may
help in understanding many aspects of brackish waters ecology. The constant
maintainenance of the distinctive salinity and confinement gradients in a solar saltworks
facilitates the study of their roles as abiotic stressors and determinants of community
structure. Besides, the application in productive solar saltworks of management practices
based on the ecological knowledge of coastal lagoons seems reasonable and may proove
beneficial to the production of salt and the sustainability of the solar saltworks ecosystem.
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